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Abstract 
Increasing interest is devoted to the development of solar powered plants in the countries of the Arabian Peninsula. However, the 
unique climatological conditions of the region, characterized by high dust concentrations, high humidity and modest cloud 
coverage, cause a challenge in solar radiation estimations. This study presents and compares yearly direct normal, diffuse 
horizontal and global horizontal irradiation maps for the years 2008 to 2010 over the United Arab Emirates using an ensemble 
artificial neural network model and a cloudiness index corrected semi-empirical model, both of which were derived from satellite 
images. A validation against ground measurements from one station is also performed. 
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1. Introduction 
Feasibility studies for solar powered plants, including solar photovoltaics (PV) and concentrating solar 
technologies, require accurate assessments of the available solar radiation at a specific location. Ideally ground 
measurements of the solar radiation are required for such feasibility studies. However, ground measurements are 
point measurements and are not always available at the site of interest. Solar maps, derived from satellite images, 
can provide solar radiation estimations at high temporal and spatial resolutions at locations where no ground 
 
 
* Corresponding author. Tel.: +1-206-708-8470; fax: +1-206-708-8471. 
E-mail address: gbender@3TIER.com 
© 2013 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
election and peer review by the scient fic conference committee of SolarPACES 2013 under responsibility of PSE AG. 
Final manuscript published as received without editorial corrections. 
2314   Y. Eissa et al. /  Energy Procedia  49 ( 2014 )  2313 – 2320 
measurements of the solar radiation are available. Such maps could be used for information on the solar resource 
available at a specific site or for the aid of site selection for solar powered plants. 
In the Arabian Peninsula many countries have ambitious targets for the installation of solar powered plants. Saudi 
Arabia plans to install a capacity of 41-GW from solar powered plants by the year 2032, 26-GW from concentrating 
solar power (CSP) plants and 15-GW from solar PVs [1]. The United Arab Emirates (UAE) also has ambitious plans 
for energy production from solar powered plants. In March 2013 the 100-MW CSP plant Shams-1 was inaugurated 
in Abu Dhabi, UAE [2]. Masdar institute (Abu Dhabi) has a 10-MW grid-connected solar PV plant installed, and 
there is a target to install 500-MW of solar PV on the rooftops of buildings in Abu Dhabi by the next 20 years [3]. 
Many other solar plants are planned in the UAE, including a 1-GW capacity, from both CSP and solar PV, to be 
installed in the Solar Park of Dubai, UAE. 
Feasibility studies for solar powered plants to be installed in the countries of the Arabian Peninsula require 
accurate knowledge of the available solar resources. However, the unique climatological conditions of the region, 
characterized by high dust concentrations, high humidity and modest cloud coverage, cause a challenge in the 
estimation of the solar radiation. 
This paper presents and compares the annual direct normal, diffuse horizontal and global horizontal irradiation 
maps for the years 2008 to 2010 over the UAE from two different satellite-based models. The first model is a 
statistical model based on an ensemble artificial neural network (E-ANN) approach and was developed by Masdar 
Institute’s Research Center for Renewable Energy Mapping and Assessment (ReCREMA). The second model, 
developed by 3TIER, is a cloudiness index corrected semi-empirical model. A validation with respect to ground 
measurements from one station is also performed 
2. Methodology 
This section will give an overview on the methodology of the models of ReCREMA and 3TIER. 
2.1. ReCREMA’s ensemble artificial neural network model 
The E-ANN model of Eissa et al. [4] is a trained model for the local conditions of the UAE. The model was 
trained using six thermal channels of the SEVIRI instrument, on board the Meteosat Second Generation satellite, 
along with the solar zenith angle, solar time, day number and eccentricity correction. The outputs are the direct 
normal irradiance (dni) and the diffuse horizontal irradiance (dhi), from which the global horizontal irradiance (ghi) 
was computed. Eissa et al. trained the model with satellite and ground data collected over three stations for the full 
year of 2010 and tested the model over two different stations for the full year of 2009. For the totally independent 
dataset for all sky conditions, the relative root mean square errors (rRMSE) were 26.1% (dni), 25.6% (dhi) and 
12.4% (ghi), while the relative mean bias errors (rMBE) were –6% (dni), +3.6% (dhi) and –2.9% (ghi). 
After validating the model with respect to the independent ground measurements, the final model was trained 
with all the available data (from five ground measurement stations) to produce the solar maps. The outputs of the E-
ANN model are the dni, dhi and ghi maps over the UAE at a 3-km spatial resolution and a 15-min temporal 
resolution (same resolutions as the SEVIRI instrument). From those maps the annual direct normal (DNI), diffuse 
horizontal (DHI) and global horizontal (GHI) irradiation maps over the UAE were derived. (Note: irradiance 
components are denoted in lowercase while irradiation components are denoted in UPPERCASE). 
 
2.2 3TIER’s semi-empirical cloud index model 
 
3TIER uses a satellite-based approach to create time series of reflected sunlight that are used to determine a cloud 
index time series for every land surface worldwide. A satellite based daily snow cover dataset is used to aid in 
distinguishing snow from clouds. In addition, the global horizontal clear sky radiation is modeled based on the 
surface elevation of each location, the local time, and the measure of turbidity in the atmosphere. 3TIER’s clear sky 
model is based on the approach developed at SUNY Albany [5].   
The primary difference being the Linke coefficient used is derived using a 3TIER proprietary method 
incorporating the Moderate Resolution Imaging Spectroradiometer (MODIS) Aerosol Optical Depth and Water 
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Vapor datasets, using the methodology developed by Dr. Pierre Ineichen [6]. The measure of turbidity in the 
atmosphere accounts for the transparency of the atmosphere and is affected by aerosols and water vapor. The 
cloud index and the clear sky irradiance are then combined to model the ghi. This component of the process is 
calibrated for each satellite based a set of high-quality surface observations. The fit between cloud index, clear-sky 
GHI, and observations is done on a per satellite basis. ghi estimates are then combined with other inputs to evaluate 
the other irradiance components dni and dhi.  
For the region that includes the UAE 3TIER derives cloud index values from the Meteosat satellites. We use 
Meteosat 7 (1998 – 2006) and Meteosat 9 (2006 – present). There is some overlap with the Central Asia satellites 
starting in Saudi Arabia; currently Meteosat 7 covers this region.   For Meteosat 7 the visible band (0.45 - 1.0 μm) is 
used, and for Meteosat 9 the High Resolution Visible channel is used.  The two satellite periods are treated 
independently for fitting, but are reasonably continuous. The Meteosat 7 has a spatial resolution of 2.5 km, and 
Meteosat 9 has a spatial resolution of 1km.  3TIER resamples this data to a 2 arc-minute resolution for global 
consistency across the varying satellite regions and averages to an hourly temporal resolution. 
Validated globally across 92 stations 3TIER ghi values show a rMBE and MAE (Mean Absolute Error)of 2% and 4% 
respectively and an hourly RMSE of approximately 24% when compared with observations. The dni errors 
are slightly higher showing a rMBE and MAE of 5% and 7% respectively and an hourly RMSE of 42%. The 
higher RMSE for dni is to be expected considering the significant hour-to-hour variability of dni compared to 
ghi. Diffuse radiation also shows higher errors than ghi and dni. These errors are consistent across each of 
the six regions. This means 3TIER irradiance values can be used across the globe with the same degree of 
certainty for each region despite the vastly different meteorological conditions.  
In the Africa and Middle East Region, five stations from BSRN network were available for validation. 
3TIER ghi values show a rMBE and MAE of 5% and 7% respectively and an hourly RMSE of approximately 
21% when compared with observations. The dni errors have a rMBE and MAE of -1% and 7% respectively 
and an hourly RMSE of 31%. Particularly in MENA any bias is likely attributable to the difficulty of satellite 
datasets to resolve the aerosols (ie: dust) in these climates. Diffuse radiation also shows higher errors than ghi 
and dni.  It should be noted that all the mean errors are within the standard error of observations as 
determined by the World Climate Research Program. When onsite observations are available 3TIER can 
correct any biases present in the satellite data using a Model Output Statistics (MOS) approach [7]. 
However, this was not done during the course of this study and the results represent uncorrected data.  
3. Experimental setup 
The trained E-ANN model was applied on the satellite images available from the SEVIRI instrument for the 
years 2008 to 2010 to derive the instantaneous dni, dhi and ghi maps over the UAE, from which the DNI, DHI and 
GHI maps were derived.  
3TIER's model was applied to Meteosat 7 and Meteosat 9 satellite data for the period 1999-2013, and hourly time 
series for each point were generated.  These time series were then aggregated for the years 2008, 2009, and 2010, 
and maps were created for comparison with the corresponding E-ANN model maps. 
The DNI, DHI and GHI maps derived from the E-ANN model (ReCREMA) and 3TIER for the years 2008 to 
2010 were compared, by presenting maps of the UAE showing their differences. The solar irradiation estimations 
from both models were also validated with respect to ground measurements from one station in the UAE for the 
years 2008 to 2010. The ground measurements at the station (23.903 °N 55.499 °E) were collected using a rotating 
shadowband irradiometer (RSI) at a 10-min temporal resolution. The RSI measured the ghi and dhi, from which the 
dni was computed. The dhi and ghi measurements were collected with the RSI, a LI-COR LI-200 Pyranometer 
integrated with a rotating shadowband, whilst the dni was computed from those measurements. The instantaneous 
accuracy of the instrument is ±4.7% for the ghi, ±6.5% for the dhi and ±4.1% for the dni. 
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4. Results and discussion 
In this section the DNI, DHI and GHI maps over the UAE for the years 2008 to 2010 are presented, and maps 
showing the difference between both models are also shown. Also, the validations with respect to data collected at 
one ground measurement station are presented. 
4.1. Annual direct normal irradiation 
The annual DNI maps of the UAE for the years 2008 to 2010 from both sources are presented in Fig. 1. Also, 
presented are maps showing the difference between both sources, i.e. 3TIER’s map minus ReCREMA’s map. 
Validation results of the DNI estimations with respect to the DNI measurements from the ground measurement 
station, see section 3, are presented in Table 1. It is apparent that 3TIER’s model overestimates the DNI by 3.7% to 
5% for the three years, while ReCREMA’s model underestimates the DNI by 3.5% to 9% for the same three years. 
Over the validation site, both models give satisfactory results, which according to Gueymard [8] are between +/– 7% 
for DNI estimations (+/– 15% for more difficult areas). ReCREMA’s model for the year 2009 underestimates the 
DNI by 9%, which could be due to the presence of clouds. The year 2009 exhibited more days with rainfall than the 
years 2008 and 2010. According to the weather website Wunderground (http://www.wunderground.com) the number of 
days with a rainfall event in Abu Dhabi were 12 days (2008), 24 days (2009) and 13 days (2010). A drawback of 
ReCREMA’s E-ANN model is it has lower accuracies under cloudy conditions. 
The DNI maps of 3TIER generally provide increasing values from the north to the south of the UAE, having 
relatively lower values along the coast. On the other hand, the DNI maps of ReCREMA do not exhibit the same 
phenomenon, where the DNI values vary at the different locations of the UAE. The maps showing the differences 
between both models show that 3TIER’s model underestimates the DNI with respect to ReCREMA’s model along 
the coastline, while overestimations occur in the southwest regions of the UAE. Future work could include using 
local observational data to do a bias correction of the 3TIER data and compare the results to ReCREMA’s model 
again.  
The bias between both models is presented in Table 2, where the maps of 3TIER overestimate the DNI by 6.7% 
to 12.2%, with respect to ReCREMA’s maps, since the regions with overestimations in the southwest are much 
larger in area than the underestimations occurring along the coast. 
Table 1. Errors with respect the ground measurement station, error = (estimated – measured)/measured*100 in %. 
 3TIER ReCREMA 
Irradiation 2008 2009 2010 2008 2009 2010 
DNI +4.1% +3.7% +5% –3.5% –9% –5.2% 
DHI –20.5% –22.7% –22.4% +2% +3.3% +0.7% 
GHI –5.2% –7.5% –5.9% –0.5% –3.5% –3% 
 
Table 2. 3TIER vs ReCREMA for all pixels, mean bias error: MBE = mean(Irradiation3TIER – IrradiationReCREMA),              
rMBE = MBE/mean(IrradiationReCREMA)*100. 
 2008 2009 2010 
Irradiation MBE (kWh m–2) rMBE (%) MBE (kWh m–2) rMBE (%) MBE (kWh m–2) rMBE (%) 
DNI 129 +6.7 219 +12.2 133 +6.7 
DHI –164 –19.1 –209 –23 –156 –18.8 
GHI –87.7 –4 –79.3 –3.7 –75 –3.4 
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Fig. 1: DNI maps of the UAE for the years 2008 to 2010 derived using the models of ReCREMA and 3TIER, their differences are also presented. 
4.2. Annual diffuse horizontal irradiation 
The annual DHI maps of the UAE for the years 2008 to 2010 from both sources are presented in Fig. 2, along 
with the maps showing the differences between both sources. 
Validation results of the DHI estimations with respect to the DHI measurements from the ground measurement 
station are presented in Table 1. 3TIER’s model highly underestimates the DHI by 20.5% to 22.7% for the three 
years, while ReCREMA’s model slightly overestimates the DHI by 0.7% to 3.3% for the same three years. The 
underestimation in the maps of 3TIER are expected, as the model has not been calibrated for the local environmental 
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conditions of the UAE, where high dust concentrations are common, causing high diffuse radiation. On the other 
hand, ReCREMA provides a more accurate estimation, where the error does not exceed 3.3% for all three years. 
The DHI maps of 3TIER generally provide increasing values from the north to the south of the UAE, having 
relatively lower values along the coast. On the other hand, the DHI maps of ReCREMA do not exhibit the same 
phenomenon, where the DHI values vary at the different locations of the UAE. The maps showing the differences 
between both models show that 3TIER’s model underestimates the DHI with respect to ReCREMA’s model 
throughout all of the UAE.  
The bias between both models is presented in Table 2, where the maps of 3TIER underestimate the DHI by 
18.8% to 23%, with respect to ReCREMA’s maps. 
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Fig. 2: DHI maps of the UAE for the years 2008 to 2010 derived using the models of ReCREMA and 3TIER, their differences are also presented. 
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4.3. Annual global horizontal irradiation 
The annual GHI maps of the UAE for the years 2008 to 2010 from both sources are presented in Fig. 3, along 
with the maps showing the difference between both sources. 
Validation results of the GHI estimations with respect to the GHI measurements from the ground measurement 
station are presented in Table 1. It is apparent that 3TIER’s model underestimates the GHI by 5.2% to 7.5% for the 
three years, while ReCREMA’s model underestimates the GHI by 0.5% to 3.5% for the same three years. The 
underestimations in the maps of 3TIER are expected, as the model greatly underestimates the DHI over the UAE. 
On the other hand, ReCREMA provides satisfactory results, where the error does not exceed 3.5% for the three 
years. For GHI estimations a range +/– 3% is acceptable (+/– 5% for more difficult areas) [5]. 
The GHI maps from both sources present increasing values from the north to the south of the UAE. The maps 
showing the differences between both models show that 3TIER’s model underestimates the GHI with respect to 
ReCREMA’s model throughout all of the UAE, but the difference is more or less consistent throughout the UAE. 
The bias between both models is presented in Table 2, where the maps of 3TIER underestimate the GHI by 3.4% to 
4%, with respect to ReCREMA’s maps.  
5. Conclusion 
Solar irradiation maps from two different sources over the UAE show high differences, especially in the diffuse 
radiation estimations. The results are not surprising as the model of ReCREMA was developed to account for the 
local environmental characteristics of the UAE, while the model of 3TIER was not calibrated over this same 
environment. This implies that data extracted from satellite-based solar maps should be cautiously used. This also 
opens up an area for future works, where a correction can be applied to 3TIER’s maps using a long term dataset of 
ground measurements over the UAE, and then the same comparisons can be performed again. 
 
References 
[1] Enabling deployment of renewable energy in the Kingdom of Saudi Arabia Forum. In: World Renewable Energy Forum, 13-17 May 2012, 
Denver, CO, USA. 
[2] Shams 1 Concentrated Solar Power plant launched in Abu Dhabi, 2013. Renewable Energy Focus. URL: 
http://www.renewableenergyfocus.com/view/31294/shams-1-concentrated-solar-power-plant-launched-in-abu-dhabi/ (accessed 6.25.13). 
[3] Eissa Y, Chiesa M, Ghedira H. Assessment and recalibration of the Heliosat-2 method in global horizontal irradiance modeling over the 
desert environment of the UAE. Solar Energy 2012;86:1816–1825. 
[4] Eissa Y, Marpu PR, Gherboudj I, Ghedira H, Ouarda TBMJ, Chiesa M. Artificial neural network based model for retrieval of the direct 
normal, diffuse horizontal and global horizontal irradiances using SEVIRI images. Solar Energy 2013;89:1–16. 
[5] Perez,  R., Ineichen, P., Moore, K., Kmiecik, M., Chain, C., George, R., Vignola, F. A New Operational Satellite-to-Irradiance    
Model. Solar Energy 2002;73:307-317. 
[6] Ineichen, P , et al. Conversion function between the Linke turbidity and the atmospheric water vapor and aerosol content. Solar Energy 
2002;82:1095-1097. 
[7] Gueymard, CA, Gustafson, W, et al. Evaluation of Procedures to Improve Solar Resource Assessments. In: World Renewable Energy Forum, 
13-17 May 2012, Denver, CO, USA. 
[8] Gueymard, CA. Solar resource assessment and forecasting: recent achievements, bankability pressures, and current challenges. In: World 
Renewable Energy Forum, 13-17 May 2012, Denver, CO, USA. 
 
2320   Y. Eissa et al. /  Energy Procedia  49 ( 2014 )  2313 – 2320 
1400 kWh m-2 2400 1400 kWh m-2 2400 -350 kWh m-2 550
1400 kWh m-2 2400 1400 kWh m-2 2400 -350 kWh m-2 550
1400 kWh m-2 2400 1400 kWh m-2 2400 -350 kWh m-2 550










Global Horizontal Irradiation – 2010










Global Horizontal Irradiation – 2010










Global Horizontal Irradiation – 2010










Global Horizontal Irradiation – 2009










Global Horizontal Irradiation – 2009










Global Horizontal Irradiation – 2009










Global Horizontal Irradiation – 2008










Global Horizontal Irradiation – 2008










Global Horizontal Irradiation – 2008
 
Fig. 3: GHI maps of the UAE for the years 2008 to 2010 derived using the models of ReCREMA and 3TIER, their differences are also presented. 
 
